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Abstract: Wastewater treatment has gained increased importance worldwide due to increasing demand on fresh clean water
supplies. Biological treatment achieved by the activities of micro-organisms, is one of the most widely used processes in the
treatment of wastewater. High numbers and activities of some groups of micro-organisms are required to treat wastewater in
biological processes. In contrast, some groups of micro-organisms must be absent from the system since their presence and activities
cause problems in the treatment of wastewater.
The structure and function of micro-organisms in wastewater treatment plants (WWTP) have been investigated for decades.
However, the identification of both the structure and function of these complex microbial communities is very limited with classical
methods. Recently, it has become possible to identify micro-organisms with fluorescent in situ hybridization (FISH) in a cultivationindependent way. In this paper, how FISH is applied and the advantages and disadvantages of this method are considered. In
addition, recent studies of FISH for characterizing micro-organisms in WWTP are discussed.
Key Words: Wastewater, in situ hybridization, molecular method, microbial ecology

Biyolojik Ar›tma Tesislerindeki Mikroorganizmalar›n Tan›s›nda Yeni Bir Moleküler Teknik:
Yerinde Floresanl› Hibritleflme
Özet: At›ksu ar›t›m› dünyada, temiz su kaynaklar›na artan ihtiyaçtan dolay› artan bir öneme sahiptir. Mikroorganizma gruplar›n›n
aktiviteleri sonucu gerçekleflen biyolojik ar›t›m, günümüzde at›ksu ar›t›m›nda en çok kullan›lan proseslerden biridir. Biyolojik
ar›tmada, at›ksuyun ar›t›m› için baz› mikroorganizma gruplar›n›n sistemde say› ve aktivitelerinin yüksek olmas›na gereksinim duyulur.
Baz› mikroorganizma gruplar›n›n ise ar›tmada sorun yaratmas›ndan dolay› at›ksu ar›t›m sistemlerinde bulunmalar› arzu edilmez.
Y›llard›r biyolojik ar›t›mda rol oynayan mikroorganizma topluluklar›n›n yap›s› ve fonksiyonu araflt›r›lm›flt›r. Fakat, bu karmafl›k
mikroorganizma topluluklar›n›n yap› ve fonksiyonlar›n›n geleneksel yöntemler ile belirlenmesi çok s›n›rl›d›r. Son y›llarda, floresanl›
yerinde hibritleflme tekni¤i ile mikroorganizmalar herhangi bir besi yerine ekim gereksinimi duyulmadan tan›mlanabilmektedir.
Bu çal›flmada, yerinde hibritleflme tekni¤inin nas›l uyguland›¤›na, üstün yanlar›na ve tekni¤in uygulanmas›nda karfl›lafl›lan problemlere
de¤inilmifltir. Ayr›ca; son y›llarda at›ksu ar›tma tesislerindeki mikroorganizmalar› tan›mlamak için yap›lan floresanl› yerinde
hibritleflme tekni¤i çal›flmalar› tart›fl›lm›flt›r.
Anahtar Sözcükler: At›ksu, hibritleflme tekni¤i, moleküler yöntem, mikrobiyal ekoloji

Introduction
Environmental problems are becoming more
important in today`s world due to increasing population
levels. Previously natural ecosystems were able to deal
with the low levels of pollution by using their selfpurification capacities. Today, most modern wastewater
treatment processes rely on the action of complex
microbial communities. These microbial communities
functioning in wastewater treatment plants have been
accepted as ‘’Black Boxes’’ for a long time. Although great
progress has been achieved in process engineering in
recent decades, knowledge about the structure and
function of microbial communities is still limited (1).

Understanding the structure and function of these
complex communities would be very useful for improving
the design and operation of plants.
The first obstacle in the identification of the microbial
ecology in wastewater treatment plants was the
inadequacy of the microbiological methods. Microbial
communities have mostly been analysed with culturedependent methods, such as viable plate count and the
most probable number (MPN) technique. Cultivation of
bacteria from a natural sample results in biases both in
the bacterial types recovered (qualitative discrepancies)
and in the total numbers of bacteria recovered
(quantitative discrepancies). The number and diversity of
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bacterial populations are underestimated with these
methods (2). Growth-based methods do not give very
reliable results on the microbial ecology of bacteria
because of media selectivity. Growth media tend to
contain high nutrient sources which encourage the
growth of bacteria that can grow rapidly under these
conditions. Bacteria present in relatively low numbers
under normal conditions may proliferate rapidly in media
and out-compete more abundant organisms. Many
bacteria have not yet been cultured and such organisms
cannot be characterized by growth-based methods.
Quantitative discrepancies are also significant. For
example, it has been shown that results from plate count
techniques can range from 1% to 15% of the total
number of cells determined by direct microscopic counts
(3).
The quantitative and qualitative biases can be avoided
by the use of in situ techniques. The fluorescent
antibody method has been used for the in situ
characterization of bacteria. However, its application has
been limited in several ways (4). Extracellular polymeric
substances have been reported to hinder antibody
penetration (5). Non-specific binding of antibodies to
detritus particles and fungal spores may cause high
background fluorescence (1). In addition, uncultured
bacteria cannot be investigated because antibody
production requires a pure culture of the target
organisms.
Recently, molecular biological methods have become
increasingly popular in the detection and characterization
of bacteria since they do not require the isolation and
enrichment of bacterial strains. Fluorescent in situ
hybridization (FISH) is one of the most commonly used
molecular methods for the identification of microorganisms in WWTP. In this paper, this technique is
considered, along with its advantages and disadvantages.
The present applications of this technique in biological
WWTP and the future perspective of this method are also
discussed.
rRNA-Based Monitoring Techniques
The ribosomal RNA (rRNA) approach is becoming a
widely used method for studying the microbial
community structure of natural and man-made
environments in a truly cultivation-independent way.
Ribosomal RNA genes have particular advantages as a
molecular marker in molecular methods. Firstly, all living
cells contain ribosomes, which are part of the cells’
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apparatus for translating deoxyribonucleic acid (DNA)
into protein. rRNA is a dominant cellular macromolecule.
Most bacterial cells have somewhere between 103 and
105 ribosomes. This natural amplification results in
excellent sensitivities of hybridization assays (6).
Secondly, the cellular RNA content varies depending on
the general metabolic activity or growth rate of a given
species. Thirdly, rRNA are excellent molecules for
discerning evolutionary relationships among bacteria
because RNA molecules contain conserved and variable
regions which make it possible to find general as well as
specific target sites for probes. These regions are used
for identification purposes. A practical reason for using
rRNA is the public availability of large databases. They
have enough sequence information to be used as a
phylogenetic marker (7).
Hybridization Techniques
rRNA-based studies in WWTP have been performed in
recent decades. Group and genus specific fluorescently
labelled rRNA-targeted oligonucleotide probes were used
to analyse directly the community structure of organisms
in biological WWTP, particularly in activated sludge
systems by in situ hybridization. Activated sludge systems
are one of the most commonly used processes in WWTP.
Oligonucleotide probes are short sequences of nucleic
acids which are complimentary to a specific sequence of
RNA. The artificial construction of a double-stranded
nucleic acid by complementary base pairing of two singlestranded nucleic acids is called hybridization.
There are two different hybridization assays which
have been commonly used in microbial ecology studies:
slot-blot hybridization and fluorescent in situ
hybridization (FISH). Slot-blot hybridization requires the
extraction of nucleic acids from samples to be tested.
Subsequently, nucleic acids are immobilized on
membranes and hybridized with radioactive or
nonradioactive probes.
With FISH, the target nucleic acids are detected
directly in the cells. To achieve in situ detection, cells
should be permeabilized to allow the probe access to the
inside of cells. At the same time, the morphological
integrity of the examined cells should be maintained. This
is usually achieved by fixing the cells with alcohols or
aldehydes (6). Probes labelled with a fluorescent dye bind
to a signature sequence in the ribosomal RNA of the
target organism(s) of interest during the hybridization
procedure (8) (Fig. 1).
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Base Pairing between a Fluorescently
Oligonucleotide Probe and a Target rRNA.
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The optimal temperature for the hybridization is a
function of the base composition of the probe and
complementary target sequence. This must be
determined empirically to avoid binding of the probe to
the rRNA sequences with some sequence mismatches
with the probe. Optimum hybridization conditions can be
found by the inclusion of different formamide
concentrations in the hybridization buffer with
hybridization performed at a single temperature (9).
Addition of formamide is one of the simple ways to
discourage hydrogen bonding. It facilitates denaturation
of the probe and the target DNA. During the hybridization
step, the relatively high formamide concentrations should
favour probe-target annealing but not excessive probenontarget hybridization. In other words, relatively high
formamide conditions increase the hybridization
stringency (10). Binding of the fluorescently labelled
probe to the target rRNA sequences allows visualization
and enumeration of individual cells by fluorescent
microscope.

Attempts have been made to combine fluorescent
oligonucleotide probing with advanced microscopic
techniques, such as confocal scanning laser microscopy
(CSLM), for analysing the spatial distribution of
specifically labelled target cells within activated sludge
flocs or trickling biofilms. CSLM is an improved version of
the optical microscope. In the confocal microscope, outof-focus fluorescence is virtually eliminated and this
increases contrast, clarity, and detection sensitivity (11).
CSLM significantly minimizes the effects of background
and out-of-focus fluorescence (12,13). CSLM has another
advantage over epifluorescent microscopy. Conventional
epifluorescent microscopy is adequate for thin samples,
where all information within the field of view is found in
a single focus plane. However, CSLM offers the third
dimension, by a technique known as optical sectioning,
for thick samples without the need for mechanical sample
sectioning. Stacks of optical sections taken at successive
focal planes (known as z series) can be reconstructed to
produce a three-dimensional view of the specimen (14)
(Fig. 2)
Problems with FISH
There are a number of problems related with FISH:
1) Permeabilization problems: Successful entry of
the probe into the cell is the first and main step of
the FISH. Most micro-organisms have been
permeable to short oligonucleotide probes
following fixation (15,16). Although a variety of
fixatives have been evaluated, autofluorescence is
generally minimized by fixation in formaldehyde.

Fig. 2.

Schematic Demonstration of the
Principle of Optical Sectioning.
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2) Uneven cell penetration: Successful cell
permeabilization does not guarantee that
hybridization of the targeted rRNA sequence with
a probe will occur (17). It is uncertain whether
oligonucleotide probes will be able to permeate all
cell types and find 16S rRNA target sequences
(18). High stringency is required to manage even
cell penetration.
3) No signals: Sometimes no fluorescence signal is
obtained because of a very low concentration of
cells or low RNA content. It has been found to be
3
4
difficult to detect less than 10 -10 cells per ml
(19). This indicates a high detection limit. The
sensitivity of FISH increases with an increased
number of cells metabolizing actively.
4) Target site accessibility: The target sequence in
the rRNA is believed to be inaccessible due to
strong interactions with ribosomal proteins or
highly stable secondary structure elements of the
rRNA itself. If the pure culture cells give a strong
hybridization signal with a universal probe while
they are not giving signal with specific probe, this
generally indicates poor accessibility of the target
site. In situ accessibility can sometimes be
improved by the addition of formamide to the
hybridization buffer.
5) High amount of background autofluorescence:
The autofluorescence of some bacteria, such as
phototrophs (18), and the background
fluorescence of inorganic particles is often much
stronger than the fluorescence of the specific
probe binding. Bleaching of fixed cells before
hybridization, and the use of fluorescent dyes with
emission wavelengths that do not coincide with
the autoflourescence, are potential solutions to
this problem (16).
Potential Advantages of FISH
FISH is an increasingly popular technique. It permits
the rapid, simple and accurate detection of related groups
of bacteria. FISH allows the in situ detection of bacterial
species without requiring culturing. As a result, it is a
potential tool for the identification of microbial ecology in
wastewater treatment plants. This technique also allows
the characterization of bacterial species which have not
been cultured yet. Therefore, undiscovered diversity may
be characterized by FISH.
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Another advantage of FISH is that 16S rRNA
sequences provide phylogenetic information (the
relationship between organisms) and can therefore
distinguish between different populations independently
of activity. The probes can also be designed for different
levels of specificity. The more conserved regions allow
differentiation between large phylogenetic entities like
the domains Archea, Bacteria and Eucarya, and they also
serve as targets for universal probes that react with all
living organisms. Variable region sites can be used to
identify certain genera, species, and infrequently also for
subspecies or even a certain strain (8).
Recently, CSLM has been introduced in the field of
microbial ecology. Spatial organization of probe defined
microbial populations in activated sludge flocs and/or
biofilm can be observed with FISH in combination with
CSLM. This is a key technique for understanding the
microbial ecology of activated sludge flocs and/or biofilm
structure. Observation of the location of different
bacterial species and their abundance at various places in
activated sludge flocs may improve our understanding of
the complex microbiological processes.
In theory, in situ growth rates and physiological
activities may be estimated by measuring the fluorescence
conferred by the rRNA-targeted oligonucleotides in
combination with digital image analysis as the cellular
quantity of rRNA is closely related to the growth rate of
cellular micro-organisms. Quantification of the probe
conferred signal intensity of single cells seems to be an
appropriate tool for estimating their physiological state in
situ (16,20). It has been demonstrated that there is a
linear relationship between the average fluorescence
intensity per cell volume and the growth rate of the cell
culture (16,20,21). Therefore, growth kinetic
parameters may be determined with this technique.
Until recently, the enumeration of micro-organisms
was limited to cultivation-based methods. These methods
underestimate the number of bacterial cells. FISH allows
the detection of one to three orders of magnitude more
cells than plate counts in environmental samples; 60-90%
of all cells present in activated sludge can be detected with
DNA-intercalating dye (DAPI). FISH can also visualize a
similar quantity of cells. Enumeration of bacterial species
in activated sludge systems using FISH has been
investigated successfully in previous research (22,23).
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It should be remembered that the quantification of
micro-organisms is central to microbial ecology and
environmental engineering. The definition of the numbers
of a key functional group is very important since changes
in functionality will reflect the change of bacterial
numbers. The operation, control and design of the
biological WWTP and inhibition studies are directly
related to the numbers of functional groups of microorganisms. FISH seems to be a powerful method to be
used in future research for the quantification of target
groups of organisms in WWTP.
Present Applications of FISH in Wastewater
Treatment Plants
There have been studies for the identification of
filamentous and nonfilamentous bacteria in WWTP,
particularly in activated sludge processes. Microorganisms related to phosphate removal, nitrification
process and bulking and foaming problems were
investigated in previous studies. Enhanced biological
phosphate removal (EBPR) in anaerobic-aerobic activated
sludge systems has generally been linked to Acinetobacter
spp. This was supported by the detection of Acinetobacter
spp. in the microbial consortia in the anaerobic and
aerobic compartments of two sewage treatment plants
with EBPR in Germany (24). Furthermore, in this study,
filamentous bacterium of the Eikelboom type 1863
showed positive hybridization reactions with the probe
GAM, which is targeted to gamma-subclasses of
Proteobacteria and with the Acinetobacter specific probe.
Therefore, it was understood that there is a close
affiliation of the filamentous bacterium of the Eikelboom
type 1863 with the genus Acinetobacter.
The formation of stable, often chocolate-coloured,
viscous foams or scums on the surfaces of activated
sludge aeration tanks causes a number of problems. It
reduces oxygen trasfer to aeration basins when surfaces
of basins were aerated mechanically. It also causes poorer
effluent quality and carriage and dispersal of microbial
pathogens by the wind. Finally, the drying out of foam
results in cleaning and odour problems (25). No definite
ways have been found to prevent or control the
accumulation of foam. In addition, it has been observed
that strategies that work in one WWTP, may not work in
another. Therefore, it is necessary to understand both the
taxonomic diversity and ecology of the organisms which

cause the foaming problem. The true extent of the
taxonomic diversity and identity of Actinomycete were
studied using FISH (26). It was supported that the term
Nocardia foams does not cover the taxonomic range of
actinomycetes associated with foams (27).
Nitrification is the necessary first step in the complete
removal of nitrogen by nitrification-denitrification
processes since wastewater almost always contains the
reduced forms of nitrogen, mainly as ammonia and
organic nitrogen. Autotrophic nitrification is achieved by
a two-step biological oxidation process. In the first step,
ammonia is oxidized to nitrite by ammonia oxidizing
bacteria (AOB), which are often represented by the genus
Nitrosomonas. In the second step, nitrite oxidation is
carried out by nitrite oxidizing bacteria (NOB) to produce
nitrate. There are many studies investigating the
microbial ecology of nitrifying plants with in situ
hybridization techniques.
Early molecular studies sought to find Nitrobacter
species in activated sludge systems since these species
were thought to be responsible for nitrite oxidation due
to their growth during standard enrichment and isolation
procedures. However, Nitrobacter species were not
observed with in situ hybridization in recent studies
(28,29,30). In situ hybridization studies using 16S rRNAtargeted probes specific for the NOB of the genus
Nitrobacter did not detect any targeted cells in a variety
of nitrifying environments, which highlighted the
importance of non-Nitrobacter NOB for the nitrification
process (30). It has been suggested that unknown NOB
were important in activated sludge (31) and Nitrospiralike bacteria were found to be a dominant population in
an industrial WWTP receiving sewage with a high
ammonia concentration (30) and in a nitrite oxidizing
bioreactor (31). Schramm et al. (32) have studied the in
situ localization of Nitrosomonas spp. and Nitrobacter
spp. with in situ measurements of concentrations of O2,
and NO2-/NO3- using micro-electrodes. They found a good
match between the structure and function of nitrifiers.
Where the nitrifiers were located, nitrification was also
observed in the same zones. In another study, AOB
localization in activated sludge flocs were investigated. It
was observed that AOB were located mainly at the centre
of activated sludge flocs. Therefore, it was concluded that
AOB was not distributed randomly in flocs (33).
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